ABSTRACT FORESTIER, N., N. TEASDALE, and V. NOUGIER. Alteration of the position sense at the ankle induced by muscular fatigue in humans. Med. Sci. Sports Exerc., Vol. 34, No. 1, 2002, pp. 117-122. Purpose: The purpose of this study was to investigate how an isometric exhaustion test affects the position sense at the ankle using an active matching task. Methods: Eight male subjects with a mean age 24.6 yr participated in the study. Subjects' ability to match the right ankle with the position of the left reference ankle position-determined using signed and absolute errors and variability-was investigated. This task was realized for four ankle angular values (in degrees), two in dorsiflexion (P -20 , P -10 ) and two in plantarflexion (P 20 , P 10 ) and for two experimental conditions: 1) normal and 2) fatigue. Muscular fatigue was induced in tibialis anterior (TA) of the right leg (ankle dorsiflexor) by using an isometric test. Subjects were instructed to maintain a workload of 70% of their maximal voluntary contraction in series of 40 s. Results: With fatigue, subjects produced ankle movements characterized by greater absolute errors for movements of large amplitude in dorsiflexion and for movements of small amplitude in plantarflexion. In addition, using a "worst-case scenario" analysis, results showed that errors were significantly greater than the normal functioning range for 20°dorsiflexion and 10°plantarflexion positioning. Conclusions: The acuity of the position sense at the ankle is reduced subsequent to a fatigue protocol. The influence and the potential deleterious effects of muscular fatigue on position sense are discussed. Key Words: PROPRIOCEPTION, KINESTHESIS, FATIGUE-ANKLE T he control of a movement is highly dependent on the quality of the afferent information originating from the various somatosensory systems involved in proprioception (6,10). Although muscle, skin, and joint receptors contribute to the sense of movement, the sense of position is mainly signaled by slowly adapting skin receptors and muscle spindle afferents (22).
T he control of a movement is highly dependent on the quality of the afferent information originating from the various somatosensory systems involved in proprioception (6, 10) . Although muscle, skin, and joint receptors contribute to the sense of movement, the sense of position is mainly signaled by slowly adapting skin receptors and muscle spindle afferents (22) .
When standing upright, the ability to evaluate joint position, and movement direction and speed are crucial factors for maintaining balance (5, 11) . Under normal circumstances, it is believed that ankle proprioception is critical to the establishment of an internal reference, allowing stabilization of the body with respect to an external gravitational reference (8) . In fact, several authors have exploited the general idea that humans sometimes behave as an inverted pendulum (12, 14) with the ankle response being sufficient to counteract minor perturbations occurring during normal stance.
Considering the important contribution of ankle proprioception for several human locomotor activities, it is legitimate to question how intense physical activity would perturb the sense of position. It is known that muscular fatigue modifies both the peripheral proprioceptive system but also the central processing of proprioception (29) . More specifically, during local muscle fatigue, nociceptors are activated by metabolic products of muscular contraction including bradykinin (18) , arachidonic acid and prostaglandin E 2 (25) , potassium (27) , and lactic acid (25) . These metabolites and inflammatory substances have a direct impact on the discharge pattern of muscle spindles (20) that represent the peripheral component of fatigue. In addition, it has been shown that efferent and afferent neuromuscular pathways are modulated via reflexes originating from small-diameter muscle afferents (namely group III and IV afferents) (2,9). These reflexes originating from the muscle and generated in response to metabolic changes that accompany fatigue could modify the central processing of proprioception that represent the central component of fatigue. Motor cortical and supraspinal factors must also be considered in case of muscle fatigue. More precisely, in fatiguing exercise, it has been shown that cortico-motor neuronal cells firing rate decrease and motor-evoked potentials (assessed with transcranial magnetic stimulation) increase. These results emphasize an inadequate cortical output with fatigue (see 9 for review).
Position sense after muscle fatigue has been measured using matching tasks. Within this protocol, one limb is being fatigued and the contralateral limb serves as a reference; subjects are asked to match a target position indicated by the reference limb. There is evidence that, for upper limbs, local muscular fatigue yields a decreased control over the speed of a movement (21) and a decreased accuracy of the position sense (3, 4, 28) . As mentioned above, considering the importance of the ankle joint for locomotor and postural activities, it is surprising that data on ankle position sense after local muscular fatigue are scarce. This experiment was then conducted to investigate how an isometric exhaustion test allowing to fatigue specifically the tibialis anterior of young adults affects the positioning accuracy of the ankle using an active matching task.
METHODS
Subjects. Eight male subjects participated voluntarily (mean age ϭ 24.6 yr, range 19 -36). All subjects were right-handed writers and right-footed kickers. Incidence of crossed hand/foot preference is less than 5% for normal adults. Before the experimentation, subjects were informed about the goal of the experiment and the general procedures. All subjects gave written consent according to university protocols.
Apparatus for measuring position sense. As illustrated in Figure 1 , subjects were seated in an armchair with their right and left feet fixed on rotating pedals. Precision linear potentiometers attached on both pedals gave voltage signals proportional to the angles of the ankles. The knee joints were kept at an angle of about 120°. Surface electromyogram (EMG) was recorded for the right leg with bipolar surface electrodes (Therapeutics Unlimited 544) placed 3 cm apart and oriented longitudinally over the right tibialis anterior and the lateral and medial heads of the gastrocnemius. EMG signals were preamplified (35ϫ at the source before second stage amplification), full-wave rectified and integrated using a 2.5-ms time constant. During the matching test, a panel was placed above the subject's legs to prevent visual feedback about both ankles position. An oscilloscope faced the subjects, however, and served to indicate the position of the left reference ankle. A pressbutton was held in the right hand and served to record precisely the matching. Data were collected for 10 s. Position signals and the press-button were sampled at 100 Hz while EMG signals were sampled at 500 Hz (12 bits A/D conversion).
Procedure. Initially, subjects performed flexion-extension ankle movements. This procedure allowed the experimenter 1) to control the range of motion of each subject and 2) to determine a reference angular position (P 0 ) corresponding to the center of the range of motion (62°in average). Four ankle angular values were then determined by subtracting (dorsiflexion) or adding (plantarflexion) 10°a nd 20°to P 0. Considering the observed mean range motion, all subjects reached the selected angular targets without being at the end of the range of motion. Dorsiflexion positions were assigned negative values, whereas plantarflexion were assigned positive values (P -20 , P -10 , and P 10 , P 20 ). The displacement and position of the left reference ankle and the target positions were displayed clearly on the oscilloscope screen to allow an accurate positioning. For each trial, a target angular position was given verbally to the subjects. Figure 2 illustrates the progress of a typical trial at P -20 . A "go" signal indicated the subjects to align both feet at the reference position (P 0 ). They subsequently positioned their left reference ankle at the target angular position (P -20 for this representative trial). Thereafter, they matched the right ankle with the target position. Once subjects were satisfied with their match (i.e., when both ankles were presumably in the same angular position), they activated the press-button. Subjects were given no feedback about the accuracy of their matching and were not given speed constraints other than the 10-s delay to perform the complete sequence. Trials that exceeded the 10-s delay were retaken. The matching task was performed without and with fatigue for a total of 100 trials (10 trials ϫ 5 angular targets including P 0 ϫ 2 conditions). The number of trials for each angular target was small in order to limit important recovery effects. The order of presentation of the various targets was randomized.
For the fatigue condition, muscular fatigue was induced in the ankle flexor (tibialis anterior) of the right leg. The right limb was chosen because in daily life tasks it is frequently solicited for precision and control tasks (e.g., while driving). The right foot was supported on a footplate and secured with the help of a Velcro strap over the dorsum. In this position, the maximal isometric voluntary contraction (MVC) of the tibialis anterior was assessed for each subject using a strain gauge dynamometer. Then subjects were instructed to maintain a workload equal to 70% of their MVC in series of 40 s with 40-s rest after each trial. The signal of the strain gauge was displayed in front of the subject by mean of an oscilloscope to provide visual force feedback. Loud, verbal encouragements were also provided. The fatigue level was reached when subjects were not able to maintain the workload for more than 15 s. After the fatigue protocol, data collection was immediately initiated. The duration of the postfatigue collection sessions lasted between 18 and 24 min (mean ϭ 20.6 Ϯ 2.2).
The EMG signals from the right tibialis anterior and the medial and lateral head of the right gastrocnemius were smoothed with a moving window average (25-ms window). The EMG signals obtained when both ankles were stabilized at P 0 were integrated. For each trial, the integrated values were normalized as a percentage of the IEMG values obtained for the MVC. This only served to ensure that ankle muscles were fatigued.
Matching parameters. For each trial, matching accuracy and variability were determined using constant error (CE), variable error (V E), absolute error (AE), and total variability (TV) scores. CE is the signed difference between the position of the right ankle and the position of the left reference ankle. To calculate this difference, the direction of the matching and the direction of signal variation were taken into account. By convention, a negative value of CE refers to an undershooting of the target position, whereas a positive value of CE refers to an overshooting. V E represents the variance around the mean CE score. AE is the absolute deviation between the position of the right ankle and the reference position. Finally, TV represents the variance around the mean AE score. All measures were submitted to a 2 conditions (control vs fatigue) ϫ 2 directions (dorsiflexion vs plantarflexion) ϫ 2 amplitudes (large vs small displacements) analysis of variance (ANOVA) with repeated measures on all factors. For all variables, the power for the main effect of fatigue was 0.92, using what is suggested as a "medium effect" (root mean square standardized effect ϭ 0.30). Post hoc analyses (orthogonal planned comparisons) were performed whenever necessary.
RESULTS
A first analysis consisted of comparing positioning at P 0 with and without fatigue. This only served to ensure that further positioning to target positions were not the simple consequence of a calibrating error at the middle reference position. Data for CE and V E at P 0 were submitted to separate one-way ANOVAs (control vs fatigue). Both analyses showed no effect of fatigue (P Ͼ 0.05), suggesting that subjects initially positioned their feet at the middle reference position. The fatigue test was successful as, on average, the IEMG for the tibialis anterior increased from 18 to 23% of the MVC from the control to the fatigue testing condition. Similarly, the IEMG for the medial gastrocnemius increased from 19.5 to 22% of the MVC. Both of these increases were statistically significant (P Ͻ 0.05). For the lateral gastrocnemius, an increase from 18.0 to 18.7% was observed, but this difference did not reach the significance level (P Ͼ 0.05).
Effects of fatigue on positioning accuracy and variability. CE scores reflects the bias in positioning (i.e., whether subjects produce systematic over-or under-shooting errors), whereas AE is a measure of overall accuracy. Results of three-way repeated measures ANOVA on the matching parameters are summarized in Table 1 . For CE, the ANOVA showed no main effect of fatigue, direction, and amplitude, nor any interaction (P Ͼ 0.05). On average, subjects produced an undershooting of 1.3°. On the other hand, AE showed a main effect of fatigue (P Ͻ 0.05) and a significant interaction of fatigue ϫ direction ϫ amplitude (P Ͻ 0.05). The three-way interaction is summarized in Figure  3 . For dorsiflexion positioning (Fig. 3, left panel) , the fatigue condition yielded a greater error than the normal condition for the 20°amplitude (2.8°vs 1.8°, respectively); on the other hand, for plantarflexion positioning (Fig. 3,  right panel) , the fatigue condition yielded a greater error for the 10°amplitude (4.3°vs 2.3°, respectively). Comparison of means showed that the fatigue effect was significant for both conditions (P Ͻ 0.01 and P Ͻ 0.001 for dorsiflexion large amplitude and plantarflexion small amplitude, respectively). Hence, when fatigued, subjects produced greater positioning errors (AE) in dorsiflexion for movements of large amplitude but produced greater positioning errors in plantarflexion for movements of small amplitude. V E is a measure of the spread about the subject's CE. For V E, no significant difference between the normal and the fatigue condition was observed. On average, V E values were 1.5°. This suggests that the consistency of the positioning bias was not affected by fatigue. TV represents the variance around the mean AE score. The ANOVA showed a main effect of fatigue (P Ͻ 0.05) but no effect of amplitude nor any interaction of fatigue ϫ direction ϫ amplitude (P Ͼ 0.05). With fatigue, TV was 1.4°, whereas it was 1.2°o n the normal condition.
To further control 1) the stability of the baseline responses (control trials) and 2) the stability of the influence of fatigue (fatigue trials), we compared the first five trials versus the last five trials for both the control and fatigue conditions for each of the matching parameters (CE, V E, AE and TV, see Table 2 ). Results of these analyses did not show any block effect (all Ps Ͼ 0.5), suggesting that the baseline response was stable across the control trials and that the influence of fatigue was stable across the fatigue trials.
To examine more specifically the frequency and the magnitude of positioning errors during fatigue, we have compiled trials when the AE exceeded the range observed for the control condition. In other words, this analysis can be regarded as a search for outliers. The frequency of outliers for each amplitude and each subject is presented in Figure 4 . Each box plot represents the standard deviation and the range for all trials in the normal condition (box and whiskers, respectively). The superimposed dots illustrate the AE for each trial in the fatigue condition. Overall, across the four amplitudes, the frequency of outliers was 28%. This clearly highlights that fatigue yielded considerable positioning errors. To examine whether the "worst-case" trial (i.e., trial with the larger AE) observed in the fatigue condition differed from the normal functioning range, dependent ttests for were conducted for each amplitude and for each subject. Overall, these analyses mirrored the AE results. More specifically, the worst-case error for dorsiflexion positioning at 20°was significantly greater than the normal functioning range for seven of eight subjects (significant for 3 subjects for the dorsiflexion 10°target). For plantarflexion positioning at 10°, the worst-case error was significantly greater for five subjects (significant for 1 subject for the plantarflexion 20°target).
DISCUSSION
The aim of the present study was to investigate whether fatigue affects the accurate positioning of the ankle. The recovery process after fatigue procedures is often considered as a limitation for all fatigue experiments. In the present study, although there was certainly some form of recovery, we did not observe a significant performance recovery across the fatigue trials. Overall, subjects showed an increased AE when they positioned their ankle at 20°in dorsiflexion and at 10°in plantarflexion. A small but statistically significant increase of TV also was observed in the fatigue condition. The fatigue test, however, did not induce any systematic bias (CE) in the positioning. Initially, it was expected that local fatigue of the tibialis anterior would induce a systematic error when this group was agonist (i.e., dorsiflexion movement). This was expected from the work of Jaric et al. (13) . In that experiment, the endpoint of a rapid elbow movement was mainly affected (undershooting of target position) when the agonist muscle was fatigued. No effect was observed when the antagonist muscle was fatigued. One possibility for the discrepancy with our results is that a slow positioning matching task was used in the present experiment, which could underplay the role of the agonist for the precise control of the endpoint. Also, we have observed fatigue in both the agonist (TA) and the antagonist (Gas) muscle groups. This overall fatigue effect is often associated with MVC protocol and is known as the irradiation effect (15) .
Although systematic errors (CE) give information about the current state of the calibration of the position sense, AE and TV provide information about the variability of the positioning system (7). The observed increased variability with fatigue could result from an increased noise level within the information processing system (30) . The increased EMG observed with fatigue when subjects positioned their ankle at P 0 is in accordance with the classical rise of the resting discharge in fatigued muscles (19) . It has been proposed that muscle fascicle length is the measured variable used by the CNS to position accurately limbs (23) . Therefore, the output of muscle spindles is not only determined by a change in muscle length, that is, by changes in muscle fascicle length, but also by the level of fusimotor activity. For this reason, it has been postulated that a subtraction process must takes place within the CNS to extract the muscle fascicle component from the total output muscle spindle signal (17) . Fatigue induces quantitative changes in spindle discharge as their discharge activity decreases (16) . Concurrently, fatigue also induces qualitative changes as the discriminative capacity in ensemble of muscular muscle spindle afferent is reduced (20) . Earlier animal studies have shown that the fidelity of the information about muscular length changes is dependent on the quality of the fusimotor system (1). Because group III and IV afferents exert strong effects on ␥-motoneurons (21), it was suggested that the length signal was affected by the noisy ongoing fusimotor activity (20) . Hence, an increased fusimotor activity due to fatigue could alter position sense by adding noise to the system. Moreover, it has been proposed that the estimation of the speed and the direction of a movement (and presumably position) is not dependent upon a single muscle group but is function of a contrast coding process determining the difference between the activity of an agonist and an antagonist muscle group (24) . Clearly, such a coding process is dependent on the primary and secondary muscle spindles ending and subject to noise level that could alter negatively the functionality of goal-desired movements. In the present experiment, 28% of the trials for the fatigue condition were statistically considered as outliers (i.e., exceeding the range of positioning errors observed without fatigue).
In summary, although this study was conducted on healthy subjects who were asked to produce movements in absence of any speed and temporal constraints, the results highlight the potential deleterious effects of fatigue on the functionality of the proprioceptive system. In spite of the fact that the CNS generally succeeds to take into account the modifications of the proprioceptive signal due to isometric exhaustion tests, this study shows that, for some trials, the positioning accuracy of the ankle is impaired. This certainly could explain the common experience to feel clumsy and awkward after a period of intense physical exercise (4) . This may also explain why fatigue could seriously increase the risk of injuries when subjects are placed in natural or sport situations (e.g., basketball or volleyball receptions). More precisely, it as been suggested that muscular fatigue predisposes male and female athletes to an increased risk of ligamentous injuries due to knee joint proprioception and compensatory muscles firing pattern alterations (26) . Finally, it could be interesting to test the effects of fatigue on the positioning accuracy for patients suffering from diabetic disease and/or aging subjects, that is, for people in which proprioception is initially less accurate and for which the consequences of a positioning error could be more dramatic.
